Dual-process models of episodic retrieval reveal consistent deficits of controlled recollection in aging and Alzheimer disease (AD). In contrast, automatic familiarity is relatively spared. We extend standard dual-process models by showing the importance of a third capture process. Capture produces a failure to attempt recollection, which might reflect a distinct error from an inability to recollect when attempted (Jacoby et al. Journal of Experimental Psychology: General, 134(2), 131-148, 2005a). We used multinomial process tree (MPT) modeling to estimate controlled recollection and capture processes, as well as automatic retrieval processes, in a large group of middle-aged to older adults who were cognitively normal (N = 519) or diagnosed with the earliest detectable stage of AD (N = 107). Participants incidentally encoded word pairs (e.g., knee bone). At retrieval, participants completed cued word fragments (e.g., knee b_n_) with primes that were congruent (e.g., bone), incongruent (e.g., bend), or neutral (i.e., &&&) to the target (e.g., bone). MPT models estimated retrieval processes both at the group and the individual levels. A capture parameter was necessary to fit MPT models to the observed data, suggesting that dual-process models of this task can be contaminated by a capture process. In both group-and individual-level analyses, aging and very mild AD were associated with increased susceptibility to capture, decreased recollection, and no differences in automatic influences. These results suggest that it is important to consider two distinct modes of attentional control when modeling retrieval processes. Both forms of control (recollection and avoiding capture) are particularly sensitive to cognitive decline in aging and early-stage AD.
Although Alzheimer disease (AD) is commonly associated with general deficits in episodic memory (for reviews, see Carlesimo & Oscar-Berman, 1992 ; R. G. Morris & Kopelman, 1986) , there is evidence to suggest that these memory deficits might be specific to attentionally-controlled retrieval processes. This hypothesis is motivated by consistent observations that executive function and attentional control processes also decline in early stages of the disease (for reviews, see Balota & Duchek, 2015; Perry & Hodges, 1999) . For example, very mild AD samples demonstrate difficulties in exerting control over incongruent word responses in Stroop color naming (Spieler, Balota, & Faust, 1996) , inappropriate meanings of ambiguous words in sentence judgments (Faust, Balota, Duchek, Gernsbacher, & Smith, 1997) , false retrieval of non-presented, but semantically-converging, lures (Balota et al., 1999) , and highly associated foils in semantic categorization (Aschenbrenner et al., 2015) . Together, these findings suggest that AD is associated with an attentional control deficit (Balota & Duchek, 2015; Faust & Balota, 2007) , much like the one proposed in cognitively normal aging (Hasher & Zacks, 1988; Hasher, Zacks, & May, 1999; West, 1996) . It is possible that these AD-related attentional deficits might mediate declines in episodic memory. Similar mediational effects have been observed in cognitively normal aging. Specifically, structural equation modeling has shown that age-related variability in episodic memory can be totally accounted for by differences in a latent variable reflecting executive/attentional control tasks (McCabe, Roediger, McDaniel, Balota, & Hambrick, 2010) . Hence, memory processes that are particularly dependent upon attentional control should be most sensitive to early-stage AD.
The process dissociation procedure (PDP) has been shown to be a useful method to distinguish between attentionallycontrolled retrieval processes, i.e., recollection, and more automatic influences on memory (Jacoby, 1991;  for review, see Yonelinas & Jacoby, 2012) . In general, results from PDP studies provide support for dual-process models of episodic retrieval. Moreover, the PDP has been particularly informative in characterizing memory deficits that occur in healthy aging and Alzheimer disease (AD; for meta-analysis, see Koen & Yonelinas, 2014;  for review, see Yonelinas & Jacoby, 2012) . We consider these special populations to inform an expanded process modeling approach that distinguishes between multiple modes of attentional control during retrieval. Millar et al. (2017) recently applied the PDP to a large sample of 519 cognitively normal middle-aged to older adults and 64 individuals with very early-stage AD. Using a task similar to one developed by Jacoby (1999a) , participants incidentally encoded word pairs (e.g., knee-bone). Memory for these pairs was tested using a primed, cued fragment completion task (e.g., knee-b_n_). Critically, for the utilization of the PDP, before each retrieval trial, participants viewed a prime that was either congruent with the correct response (e.g., bone), incongruent (e.g., bend), or neutral (i.e., &&&), see Fig. 1 . We refer to these conditions as congruent and incongruent because the prime dimension supports a response that is either consistent or inconsistent with the goals of the task, i.e., retrieval of the initial word pair. Hence, this manipulation functions in a similar manner to that of the word dimension in a Stroop (1935) colornaming task, in which the goal-irrelevant word is either congruent or incongruent with the goal-relevant color dimension. Incongruent primes in the misleading-prime paradigm, displayed in Fig. 1 , produce opposition by rendering a plausible competing response that must be overcome by recollection to avoid producing an error. In contrast, congruent primes produce facilitation by rendering the same response produced by successful recollection, resulting in a correct response just as would recollection. As predicted by the attentional deficit account, process-specific deficits in recollection, but not automatic influences, were observed in healthy aging as well as preclinical (biomarker-positive but non-demented) and very mildly demented AD individuals (Millar et al., 2017) . Estimates of recollection significantly improved discrimination between cognitively normal individuals and those with early-stage AD above and beyond a large battery of psychometric tests, including measures of memory, attention, and processing speed. These findings are consistent with results from other methods of retrieval process estimation across a variety of tasks. Briefly, age-and AD-related deficits in controlled recollection are consistently observed, while deficits in automatic familiarity are smaller and less consistent (for meta-analysis, see Koen & Yonelinas, 2014) . Millar et al. (2017) were primarily interested in the sensitivity of recollection estimates to aging and AD status from a dual-process perspective, and so they did not consider other, more complex process models that might underlie performance. It is possible that the dual-process model may be an over-simplification of retrieval processes involved in the task. In support of this possibility, Jacoby, Bishara, Hessels, and Toth (2005a) modeled data from a similar misleading-prime task with multinomial process tree (MPT) models, as shown in Fig. 2 . In dual-process models, recollection and accessibility bias serve as alternative bases for cued retrieval ( Fig. 2a and b ). When unable to recollect a past event, participants guess with a highly accessible, plausible response. However, in order to fit data from the misleading-prime task, Jacoby et al. (2005a) had to model an additional capture parameter ( Fig. 2c ), reflecting a controlled mode of retrieval constraint. The functional consequence of capture is that a participant accepts a prime word as a correct response, without attempting to recollect. As shown in Fig. 2c , when capture is successful, the participant responds with the prime word, resulting in a correct response for congruent primes or an intrusion error for incongruent primes. In this model, the probability of capture limits the possibility of attempting to recollect, whereas the probability of recollection measures the success of recollection when attempted, i.e., when capture has failed. Thus, although the capture process might not contribute directly to the recovery of memory per se, this model treats capture as a mode of cognitive control that should determine whether one attempts recollective retrieval.
Importantly, the capture model expands upon the traditional dual-process model in that it distinguishes between two possible accounts of intrusion errors on the misleadingprime task. Specifically, on incongruent trials, participants might commit either (1) a capture error, in which the participant accepts the incongruent prime as correct, pre-empting an attempt to recollect the initial word pair, or (2) a recollection error, in which the participant is not captured by the prime, allowing for a recollection attempt, but that attempt is unsuccessful, resulting in reliance on accessibility, as in a standard dual-process model. In this way, recollection is conditional on the failure of capture. The distinction between capture and recollection in this model is analogous to the theoretical distinction drawn by Flavell (1970) between production and mediation in characterizing the development of verballymediated mnemonic strategies in children. According to Flavell, failure to engage a strategy might result from two distinct pathways: (1) a production deficiency, in which the appropriate word or phrase cannot be generated, thus negating any chance to correctly apply a mediation strategy, or (2) a mediational deficiency, in which the appropriate word or phrase is successfully generated, but the attempt to apply a mediation strategy is unsuccessful. Hence, mediation is conditional upon the success of production. As successful production affords the opportunity for mediation in Flavell's (1970) model, so does a failure of capture afford an attempt at recollection in the current MPT model (Fig. 2) . Although the two models describe very disparate basic phenomena, both models assume a conditionally-nested relationship between distinct cognitive processes.
In terms of a theoretical mechanism, capture may be driven by a failure to inhibit misleading information, i.e., the prime word (cf. Hasher & Zacks, 1988) . Alternatively, the process may be a form of goal neglect, i.e., a failure to maintain the task goal of recalling the previous word pairs (e.g., Duncan, Multinomial process tree models of episodic retrieval. Branches lead to a correct response (✓), an intrusion error (Int.), or other error, including a random word response or timeout, for the congruent (Con.), incongruent (Inc.), or neutral (Neu.) trials. Dotted boxes indicate the standard dual-process model with recollection and accessibility bias (a), the addition of word generation (b), and the addition of capture (c) Emslie, Williams, Johnson, & Freer, 1996) . Either of these possibilities implicates a failure of cognitive control process.
The role of capture is also informed by models of memory designed to account for patterns of false memory or Bconfabulation^that occur in neurological patients (Kopelman, 1999) . In some cases, confabulating patients will Baccept as veridical whatever the ecphoric process delivers to consciousness^ (Moscovitch, 1989, p. 155) , sometimes resulting in the intrusion of input stimuli into memory reports that are Bsensible but untrue^ (Burgess & Shallice, 1996, p. 360) . These confabulations and the capture-based intrusions in the current paradigm might reflect similar types of memory errors. Importantly, attempts to explain confabulation implicate a relatively early process, in which the conditions for successful retrieval are specified. Terms such as Bretrieval specification( D. A. Norman & Bobrow, 1979) , Bdescriptor^processes (Burgess & Shallice, 1996) , or the Bfocusing^process (K. A. Norman & Schacter, 1996; Schacter, Norman, & Koutstaal, 1998) have been used to describe this stage. These processes are said to limit the elaboration of retrieval cues to specify information associated with the initial encoding context, thus constraining out the influence of possible interfering information. Hence, in the current model, capture might reflect a failure of these specification processes. These processes are also distinct from later Bevaluation^processes, which compare output from memory storage against the specified retrieval cue.
The dissociation between specification (pre-access) and evaluation (post-access) processes is supported by neuropsychological findings. For example, Dab, Claes, Morais, and Shallice (1999) studied a confabulating frontal lesion patient, PAD. The authors concluded that PAD exhibited intact evaluation processes, as evidenced by recognition memory performance in the normal range. This finding contradicted the predictions of simpler models, under which a retrieval evaluation deficit was necessary for confabulation (Hanley, Davies, Downes, & Mayes, 1994) . Instead, Dab et al. (1999) argued that PAD's confabulation was driven by a deficit in specification, as evidenced by free recall deficits, particularly a profile of high semantic intrusions in a multiple-list learning paradigm. Thus, considering an additional retrieval specification process proved useful in interpreting the case. Similarly, considering a capture process, distinct from recollection and automatic processes, might be useful in interpreting memory deficits observed in aging and AD.
At a more general level, it is quite possible that a capture process might sometimes contaminate recollection estimates derived from simpler two-process models. Although Millar et al. (2017) demonstrated that PDP estimates of recollection were robust in capturing age-and AD-related memory differences, the MPT modeling by Jacoby et al. (2005a) suggests that task performance might also be driven by a distinct capture process. Hence, a more complex retrieval model (including two distinct modes of cognitive control) might better reflect the controlled aspects of memory retrieval by providing not only additional estimates of previously-unmodeled capture processes, but also less contaminated estimates of recollection. Jacoby et al. (2005a) demonstrated that the extended capture model might be useful for describing age differences in controlled retrieval processes. In two variations of the misleading-prime task that used a cued fragment completion task, a capture model was necessary to fit age-related task performance. In a third experiment, which used a recognition test instead of cued fragment completion, performance was also fit by the capture model, as well as a simpler dualprocess model, although these model fits were not directly compared. Importantly, older adults reliably exhibited higher capture parameters than younger adults, consistent with an attentional deficit hypothesis (e.g., Hasher & Zacks, 1988) . However, we are currently unaware of any other studies that have used this modeling approach to replicate or extend the previous findings. Hence, in the present study, we provide several novel extensions beyond the previous modeling efforts. First, we eliminate more complex aspects of the Jacoby et al. (2005a) paradigm, including subjective reports of memory or manipulations to withhold a response at retrieval, to test the model in a shorter, simpler task. These previous manipulations had been used to model an additional attribution threshold parameter, which is not of interest to the present study. Second, we extend beyond group-level MPT modeling, which assumes homogeneity in process estimates across individuals, by modeling retrieval processes at the individual participant level. Third, we test whether these process estimates are sensitive to more subtle age differences by comparing community-dwelling middle-aged and older adults, rather than a more extreme groups design, i.e., comparing young college students to older community-dwelling participants as done by Jacoby et al. (2005a) . Finally, we extend this model to early-stage AD, which, as mentioned, is another population that has shown deficits in attentional control (Balota & Duchek, 2015) . Together these extensions allow for a more generalizable assessment of the utility of the capture model, as compared to traditional dual-process models, using data from Millar et al. (2017) .
To anticipate, we find that a capture parameter is indeed necessary for an adequate fit to the misleading-prime task data, suggesting that a capture process might contaminate estimates derived from a dual-process model of the task. Importantly, we also test for age-and AD-related process differences in this more complex model. Recollection deficits are consistently observed in early-stage AD (Koen & Yonelinas, 2014) , but have not been tested in a model that also accounts for capture. Like recollection, capture is also thought to be an attention-dependent process, but has not been examined in the context of AD. Under the hypothesis that aging and AD are associated with declines of attentional control (Balota & Duchek, 2015; Faust & Balota, 2007; Perry & Hodges, 1999) , we predict process-specific group differences in both recollection and capture. In contrast, since other automatic processes in the model (by definition) should not be demanding of attention, we expect these processes to be relatively unaffected across these groups. We test this hypothesis by examining MPT model parameters derived from performance on the misleading-prime task at both the group and the individual participant levels.
Method

Participants
Participants included 617 individuals, recruited from two longitudinal studies administered by the Charles F. and Joanne Knight Alzheimer Disease Research Center at Washington University in St. Louis. An initial report of these data is provided by Millar et al. (2017) . Cognitive status of the participants was evaluated by a trained clinician via the Clinical Dementia Rating scale (CDR; J. C. Morris, 1993) , with CDRs of 0, .5, 1, 2, or 3, indicating, respectively, cognitive normality, very mild, mild, moderate, or severe dementia. The final sample consisted of 510 cognitively normal individuals (CDR 0), and 107 individuals with very mild AD (CDR 0.5). Clinical diagnosis of AD in these CDR 0.5 individuals was based on NINCDS-ADRDA criteria (McKhann et al., 1984) . This CDR 0.5 sample included individuals with a clinical diagnosis of symptomatic AD (n = 64) or uncertain dementia (n = 43), excluding non-AD or mixed etiologies, such as frontotemporal dementia, Lewy body dementia, or contributing depression. Demographic characteristics of the sample are reported in Table 1 . The Washington University Human Research Protection office approved all research methods. All participants gave written informed consent.
Materials
Word stimuli were selected according to previouslydescribed norms (Jacoby, 1996 (Jacoby, , 1999b Millar et al., 2017) . To summarize, related word triads were constructed to include two potential target words that were each semantically related to a common target. Further, the two target words were constrained to have the same length and at least two identical letters in the same position (e.g., knee bone, knee bend). For each triad, a word fragment was constructed that might be completed by either of the target words (e.g., b_n_). A total of 34 such triads were produced and were assigned to serve as congruent, incongruent, neutral, or buffer trials. The frequency of target words was equated across the congruent, incongruent, and neutral conditions, based on log-transformed Subtitle Frequency (Log SUBTL-WF; Brysbaert & New, 2009 ), F(2,27) < 1.00, p = .395.
Procedure
Participants completed the short, 10-min task in two phases (see Fig. 1 ). Phase 1 was an incidental encoding task, in which participants made a judgment of relatedness for each of 30 related word pairs (e.g., knee bone) and ten unrelated pairs (e.g., arrow cage). Immediately afterward, participants completed Phase 2, in which the same 30 related word pairs served as targets for a primed, cued fragment completion task with explicit retrieval instructions. For each trial, participants were instructed to retrieve a word pair from Phase 1 in order to complete a cued word fragment (e.g., knee b_n_). Before the onset of each cued fragment, a prime stimulus appeared for 1,000 ms. Ten primes were congruent with the correct response (e.g., bone); ten were incongruent with the correct response (e.g., bend); and ten were neutral symbols (i.e., &&&). Incongruent primes were all valid completions of the fragment and were semantically related to the cue, but had not been presented in Phase 1. Participants were instructed to silently read each prime before completing the cued fragment. They were also informed that the primes might be congruent or incongruent with the correct answer to be retrieved from Phase 1. The full script used to run this task is available for 
Results
Overview of analyses
In order to simplify group-level MPT models, we tested the effects of aging by dividing the sample of CDR 0 individuals into two groups by a median split at age 70 years. We tested the effects of early-stage AD by comparing the CDR 0.5 sample to a subsample of age-matched CDR 0s (aged 68 years or older). This age-matched CDR 0 control group included all of the individuals from the older CDR 0 group, as well as some individuals (N = 38) from the younger CDR 0 group.
For both age-and AD-related comparisons, we first report differences in task performance for descriptive purposes, which is a brief recapitulation of results reported in Millar et al. (2017) . We then report our primary analyses of interest, testing for differences in retrieval process estimates derived from MPT models at both the group and the individual levels.
Memory task performance as a function of aging Figure 3 displays the mean proportion of each response type (correct, intrusion error, or other error) as a function of age (3a) and CDR status (3b). We tested the effects of aging on memory task performance in a 2 × 3 mixed-model analysis of variance (ANOVA), with the proportion of correct responses as the dependent variable, age group as a between-subjects factor (< 70 years or 70+ years), and condition as a within-subjects factor (congruent, incongruent, or neutral). Only CDR 0s were included in this analysis. As expected, this analysis revealed a main effect of age, F(1,517) = 32.56, p < .001, η p 2 = .06, a main effect of condition, F(2,1034) = 505.77, p < .001, η p 2 = .50, and an interaction between age and condition, F(2,1034) = 13.90, p < .001, η p 2 = .03. As shown in Fig. 3a , older age was associated with a greater decrease in correct responses for incongruent trials compared with neutral or congruent trials. The age effects on correct memory responses might be driven by differences in the proportion of intrusions of the critical/incongruent prime word or other errors. Notably, intrusion errors occurred in all three prime conditions, including congruent trials, for both younger and older adults. 1 Analysis of the intrusion errors revealed a main effect of age, F(1,517) = 31.63, p < .001, η p 2 = .06, a main effect of condition, F(2,1034) = 549.91, p < .001, η p 2 = .52, and a reliable interaction between age and condition, F(2,1034) = 16.04, p < .001, η p 2 = .03. As shown in Fig. 3a , older age was associated with a greater increase in intrusion responses for incongruent trials compared with neutral or congruent trials.
Other errors included trials in which the participant responded with a word that was neither the correct response nor the critical lure, as well as trials in which the participant did not respond within 20 s. For these errors, there was a marginal main effect of age, F(1,517) = 3.76, p = .053, η p 2 = .007, and a main effect of condition, F(2,1034) = 62.41, p < .001, η p 2 = .11, but the interaction between age and condition was not significant, F(2,1034) = 2.11, p = .12, η p 2 < .01. In summary, as reported in Millar et al. (2017) , the results indicate that age-related differences in task performance are strongly driven by intrusions of the primes in the incongruent condition, and to a much smaller extent, by other errors.
Memory task performance as a function of CDR status
A 2 (CDR: 0 or 0.5) × 3 (condition: congruent, incongruent, or neutral) mixed-model ANOVA was conducted on mean correct performance. This analysis revealed a main effect of CDR status, F(1,408) = 106.34, p < .001, η p 2 = .21, and an interaction between CDR status and condition, F(2,816) = 27.52, p < .001, η p 2 = .06. As shown in Fig. 3b , the group difference in performance between CDR 0s and 0.5s was greater for incongruent trials compared with neutral trials or congruent trials.
The effects of CDR status on intrusion and other errors were tested in separate ANOVA models, using the factor structure described above for correct responses. For intrusion errors, there was a significant main effect of CDR status, F(1,408) = 87.55, p < .001, η p 2 = .18, and an interaction between CDR status and condition, F(2,816) = 30.69, p < .001, η p 2 = .07. As shown in Fig. 3b , the group difference in intrusion responses between CDR 0s and 0.5s was greater for incongruent trials compared with neutral trials or congruent trials.
For other errors, there was a significant main effect of CDR status, F(1,408) = 28.76, p < .001, η p 2 = .07, and an interaction between CDR status and condition, F(2,816) = 6.85, p = .001, η p 2 = .02. As shown in Fig. 3b , the group difference in other errors between CDR 0s and 0.5s was greater for neutral trials compared with congruent trials or incongruent trials.
In summary, the present results indicate that, in an agematched comparison, AD-related differences in task performance are strongly driven by intrusions of the primes in the incongruent condition, and to a much smaller extent, by other errors.
MPT capture model
The full 4-parameter capture model is shown in Fig. 2 . The first parameter, capture (C), represents the probability that a participant would respond with the cue word, overriding a recollection attempt. Successful capture would produce a correct response for congruent trials, and an intrusion for incongruent trials, and would have no effect on neutral trials, since the neutral prime (i.e., &&&) is not a valid response. Given a failure of capture, a participant may attempt to recollect (R), i.e., actively reconstruct the previous encoding phase in search of the correct response. Successful recollection would produce a correct response on all trials. Given a failure of recollection, a participant might be subject to accessibility bias (A), i.e., a tendency to produce the response that comes to mind most fluently. Successful accessibility bias would produce a correct response for congruent and neutral trials and an intrusion for incongruent trials. Given a failure of accessibility bias, a participant may generate a word (W), i.e., produce an unprimed response that is consistent with the constraints of the task, including the correct number and placement of letters and semantic relation to the cue. That response would be an intrusion error for congruent or neutral trials, but would be correct for incongruent trials. Given a failure of word generation, a participant may finally produce an Botherê rror, including invalid completions of the fragment or failures to respond.
All MPT models were constructed and tested using the R package, BMPTinR^ (Singmann & Kellen, 2013) . We began 1 All participant groups committed intrusion errors in all three conditions, including congruent and neutral trials, in which the intrusion response was never presented. For example, on some congruent trials, participants might have studied the word pair, Bknee bone,^then at retrieval, received the congruent prime, Bbone,^for the trial, Bknee b_n_.^On average, participants made intrusion errors on about 5-10% of such congruent trials, responding with Bbend^even though it was never presented as a target or a prime. Our MPT model (Fig. 2 ) accounts for these errors as cases where capture, recollection, and accessibility processes fail and word generation is successful. Thus, participants produce an unprimed response that is consistent with the constraints of the trial.
It is possible that in situations of an intrusion error, participants may falsely believe that primes on congruent trials are actually incongruent, leading them to construct an alternative response to fit the fragment and avoid using the prime word. This interpretation is possible, since participants are indeed instructed to expect some incongruent trials. However, we cannot account for participants' beliefs about the prime type or the intent of their responses in the current task or models, and so we will not attempt to interpret these errors any further.
by comparing the fits of three competing modelsthe RA and RAW dual-process models, as well as the CRAW capture model (see Fig. 2a , b, and c)within groups based on age and CDR. After identifying the best-fitting model, we then proceeded to test group differences within each of the model's parameters.
Comparison of model fits within groups
Due to the very large number of observations, our MPT modeling analyses might be over-powered using a conventional significance criterion of α = .05 or even α = .001. As a consequence, MPT models might identify trivially small parameter differences as significant or reject appropriate models due to very small deviations from observed data. Thus, we performed compromise power analyses to set a critical α for each significance test, using G*Power 3.1 (Faul, Erdfelder, Buchner, & Lang, 2009 ). For each group, we calculated the critical G 2 for a minimum effect size of ω = 0.10. Since the critical value was based on effect size, the value of α varied for each test from~1 × 10 -6 to~.008 as a function of the total sample size and degrees of freedom on the model, although we fixed the β/α ratio to 1.0. For example, the critical G 2 for the test of the RA model (df = 1), in the younger CDR 0 group (N = 254 participants * 30 trials = 7,620 observations) was 19.72, corresponding to α = β = 9 × 10 -6 .
For the younger CDR 0 group, the data were poorly fit by both the RA (G 2 (1) = 125.39, critical = 19.72) and RAW models (G 2 (3) = 91.33, critical = 23.66). Adding the capture parameter significantly improved fit over the RAW model, ΔG 2 (1) = 64.26, critical = 19.72, but the full CRAW model still significantly deviated from the data, G 2 (2) = 27.08, critical = 21.85. Since the RA model was not nested within either of the other models, we also compared fit between models using the Bayesian information criteria (BIC). This comparison suggested that the capture model (BIC = 62.83) provided a better fit than either the RA (BIC = 143.24) or RAW models (BIC = 118.15).
For the older CDR 0 group, the data were also poorly fit by the RA (G 2 (1) = 159.30, critical = 20.54) and RAW models (G 2 (3) = 102.50, critical = 24.52). Again, the capture parameter significantly improved model fit, ΔG 2 (1) = 78.26, critical = 20.54. Although the CRAW model significantly deviated from the data, G 2 (2) = 24.24, critical = 22.70, it still provided a better fit (BIC = 60.16) than either the RA (BIC = 177.23) or RAW models (BIC = 129.44).
The CDR 0.5 group was also poorly fit by the RA (G 2 (1) = 76.25, critical = 8.66) and RAW models (G 2 (3) = 33.00, critical 11.97). However, the CRAW model provided an adequate fit to the data, G 2 (2) = 5.57, critical = 10.45. This model produced a significant improvement in fit over the RAW model, ΔG 2 (1) = 27.43, critical = 8.66, and again, the CRAW model had a lower BIC (13.57) than either the RA (BIC = 80.25) or RAW models (BIC = 39.00).
Finally, the age-matched CDR 0 control group followed a similar pattern. This group was poorly fit by the RA (G 2 (1) = 170.46, critical = 23.40) and RAW models (G 2 (3) = 107.98, critical 27.48), but adequately fit by the CRAW model (G 2 (2) = 25.55, critical = 25.61). The CRAW model produced a significant improvement in model fit, ΔG 2 (1) = 82.43, critical = 23.40, and also had the lowest BIC (RA = 188.65, RAW = 135.32, CRAW = 62.01).
Within each group, the addition of a capture parameter consistently led to a significant improvement in model fit. Although the full capture model still significantly deviated from the data in the case of the younger and older CDR 0 groups, comparison of the BIC consistently identified it as the best-fitting model among those considered. We interpret these observations to suggest that the capture parameter is necessary to model the current dataset.
MPT estimates as a function of age
We tested for age differences in each parameter with nested model comparisons of the older and younger CDR 0 groups. To summarize, we first built a model in which both groups shared a complete set of MPT parameter estimates. We then compared the fit of that model to a nested model with separate, group-specific estimates for a given parameter. Thus, significant group differences in a parameter are inferred when the group-specific parameter model yields a significant improvement over the shared-parameter model (Riefer & Batchelder, 1988) . Nested model comparisons of single-parameter effects revealed significant age differences in both capture, ΔG 2 (1) = 58.19, and recollection, ΔG 2 (1) = 67.77, but no differences in accessibility bias ΔG 2 (1) = 4.48, or word generation, ΔG 2 (1) = 1.34, critical = 39.60.
Based on the results of these single-parameter effects, we then considered a model with age differences in capture and recollection, but shared parameters for accessibility bias and word generation, i.e., CCRRAW model. This model, however, marginally deviated from the data, G 2 (6) = 52.38, critical = 49.53. Nested model comparisons revealed that the fit could not be significantly improved by adding age differences in accessibility bias and/or word generation, ΔG 2 s ≤ 1.07, critical values ≥ 39.60. Moreover, we also compared the fit of the CCRRAW model to all possible non-nested combinations of age differences in all four parameters. Comparison of the BIC, as well as Akaike information criteria (AIC) and Fisher information approximation (FIA) indices, converged on this model as the best fit (see Appendix  Table 2 ). Thus, despite failing to satisfy the critical G 2 value, we concluded that the CCRRAW model provided the best fit to the age group differences.
In order to provide converging evidence, we then estimated the variability of parameter estimates in this model by performing a parametric bootstrap (Efron & Tibshirani, 1994; Singmann & Kellen, 2013) . After fitting the data to the CCRRAW model, we generated 10,000 bootstrap samples based on the parameter estimates of the original model. We then fit each bootstrap sample to the same CCRRAW model and derived the empirical 95% confidence interval (CI) from the distribution of the bootstrapped parameter estimates. As shown in Fig. 4a , older participants were more likely to be captured by the prime (C o = .24, 95% CI = [.21, .27]) than younger participants (C y = .16, 95% CI = [.13-.19]). Older participants were less likely to recollect (R o = .71, 95% CI = [.68-.73]) than younger participants (R y = .78, 95% CI = [.76-.80]). Since the accessibility bias (A = .67, 95% CI = [.62-.72]) and word generation (W = .82-95% CI = [.80-.84]) parameters were shared, both age groups were equally likely to engage those processes.
MPT estimates as a function of CDR status
Nested model tests of single-parameter effects revealed significant AD group differences in capture, ΔG 2 (1) = 116.74, and recollection, ΔG 2 (1) = 263.17, but no differences in accessibility bias, G 2 (1) = 0.11, or word generation, G 2 (1) = 16.20, critical = 31.43. Based on these results, we then considered the same CCRRAW model, described in the age analyses above, to model the AD-related group differences in MPT parameters. This model provided an adequate fit to the data, G 2 (6) = 38.51, critical = 40.90. Nested model comparisons revealed that the fit could not be significantly improved by adding AD group differences in accessibility bias and/or word generation, Fig. 4 Parameter estimates (and bootstrapped 95% confidence intervals) of best-fitting MPT models of aging differences (a) and very mild AD differences (b) in retrieval processes ΔG 2 s ≤ 7.39, critical values ≥ 31.43. We also compared the fit to non-nested models including all possible combinations of AD group differences in the four parameters. Comparison of the BIC across models identified this CCRAW model as the best fit (see Appendix Table 3 ). In contrast to the BIC, the AIC and FIA statistics identified a more complex model, which included group differences in not only capture and recollection, but also word generation, as the best fit. As already mentioned, however, the nested model comparison revealed that adding the group difference in word generation did not significantly improve the fit over the CCRRAW model, ΔG 2 (1) = 6.91, critical = 31.43. Thus, we concluded that the CCRRAW model provided the best fit to the AD group differences.
We then estimated variability of parameter estimates in this model, using the same parametric bootstrap procedures described above. As shown in Fig. 4b , CDR 0.5s were more likely to be captured by the prime (C 0.5 = .35, 95% CI = [.27-.41]) than CDR 0s (C 0 = .23, 95% CI = [.19-.26] ). CDR 0.5s were less likely to recollect (R 0.5 = .44, 95% CI = [.39-.48]) than CDR 0s (R 0 = .71, 95% CI = [.68-.73]). Since the accessibility bias (A = .69, 95% CI = [.64-.74]) and word generation (W = .80, 95% CI = [.77-.82]) processes were shared, both CDR groups were equally likely to engage those processes.
Individual participant parameter estimation
Modeling process differences at the group level is often a common practice for MPT modeling. However, this method makes a strong assumption that parameter estimates are homogeneous across participants within groups. In order to seek converging evidence for the group differences observed these models, we also estimated parameters for each individual participant, based on their conditional proportions of response types. This approach affords an important novel extension over earlier demonstrations of modeling a capture parameter, in which the MPT model was fit to group-level means (i.e., Jacoby et al., 2005a) . In contrast to group-level models, individual-level analyses allow for improved model accuracy by allowing for variability in process estimates between individuals within groups. Of course, one limitation of the individual participant method was that many participants produced no responses for several critical bins, preventing the modelfitting algorithm from converging on a set of parameters. To correct for this floor effect, we added 1/(2N) to the cells with a value of 0, where N was the total number of trials per condition, i.e., 10. This correction is similar to others commonly performed to estimate d' in signal detection models (Hautus, 1995; Macmillan & Kaplan, 1985) .
We then fit each participant's corrected conditional response proportions with the four-parameter capture model using BMPTinR^ (Singmann & Kellen, 2013) and recorded the four parameter estimates. Mean parameter estimates are presented in Fig. 5 , broken down by the age and AD comparisons tested below.
Distributions of parameter estimates were highly non-normal, including very high degrees of skew. Additionally, the test of AD effects included highly unequal sample sizes (i.e., 303 vs. 107). Independent t-tests are often robust to either non-normality or unequal sample sizes alone, but in combination, these tests might suffer from inflated Type I error (Bradley, 1978) . Thus, to avoid violating the assumptions of parametric tests and preserve statistical power, we tested ageand AD-related group differences in parameter estimates by performing a series of nonparametric randomization tests.
We tested age differences in individual parameter estimates by randomly reassigning group labels to the full sample of CDR 0 individuals 10,000 times. Each reassignment produced groups of 254 and 265 individuals to match the sample sizes of the original younger and older groups. For each reassignment, we calculated the mean group difference for a given parameter estimate and stored that difference value. After resampling was complete, we compared the original mean difference between age groups to the empirical sampling distribution built over the 10,000 reassignments. A power analysis conducted using G*Power 3.1 (Faul et al., 2009 ) indicated that, with this sample size, a significance test with a twotailed α of .05 could detect even relatively small effects (d = 0.30) with adequate statistical power (1 -β = .93). Age groups significantly differed in the capture parameter. The observed age difference in capture was more extreme than 99.9% of the empirical sampling distribution, corresponding to an empirical two-tailed p value equal to .001, Cohen's d = 0.30. Age groups also significantly differed in recollection, empirical p < .001, Cohen's d = -0.46, but did not differ in accessibility bias, empirical p = .854, Cohen's d = 0.02, or in word generation, empirical p = .171, Cohen's d = 0.12. Importantly, these participant-level analyses strongly converged with the group-level MPT analyses of age-related differences.
We also tested for AD-related differences in individual parameter estimates by repeating the same randomization test procedure described above, this time randomly reassigning group labels to the sample of CDR 0.5 individuals and age-matched CDR 0s. A similar power analysis indicated that a test in this sample could detect small effects (d = 0.30) with statistical power of .76. AD groups significantly differed in capture, empirical p < .001, Cohen's d = 0.58, and recollection parameters, empirical p < .001, Cohen's d = -1.03, but not in accessibility bias, empirical p = .250, Cohen's d = -0.13, or word generation parameters, empirical p = .114, Cohen's d = 0.18. Again, these results were consistent with the group-level MPT analyses of AD-related differences. Finally, we also provide a brief description of an alternative hierarchical Bayesian MPT modeling approach. 2 2 We also attempted to model the data with a latent-trait hierarchical Bayesian MPT approach (Klauer, 2010) , using the 'TreeBUGS' package in R (Heck, Arnold, & Arnold, 2017) , as suggested by a reviewer. To briefly summarize the results, we found that only the full capture model (but not simpler dual-process models) was able to adequately fit the CDR 0.5 and older CDR 0 samples. However, we did not achieve an adequate fit for the younger CDR 0s using any of the tested models. Further, a final hierarchical model, with AD and age as predictors of latent parameter estimates, also failed to adequately fit the data. Despite the misspecification, we performed preliminary analyses on the age and AD effects in the interest of examining consistency with the group-and individual-level analyses. We found that the results were entirely consistent with those reported above, with one exception in a unique negative relationship between age and word generation, which was marginally significant.
It appears that the final hierarchical latent-trait model is likely misspecified, possibly due to violations of the assumptions of this approach, particularly multivariate normality of the probit-transformed parameters. Granted, the CDR 0 data were also poorly fit by the group-level MPT models. It is possible that, like the G 2 tests for the group-level models, the posterior-predictive tests of hierarchical Bayesian model fit might also be overpowered to detect small deviations as significant, due to the large sample size. Hence, the fits of these models might be relatively satisfactory after adjusting the significance threshold in a compromise power analysis. However, instead of focusing on the hierarchical analyses, our reported analyses reveal highly consistent results in both group-level models (which make the strong assumption of completely identical parameters across participants) and individual participant models (which make no assumptions about the homogeneity of participant parameters or the distribution of parameter estimates). Although the hierarchical Bayesian results largely do not contradict the group-and individual-level models (with the exception of the unique, marginal relationship between age and word generation), they require additional assumptions to reach a compromise between the two extremes, which we are likely to violate.
General discussion
The present study provides a fine-grained analysis of an episodic memory task designed to dissociate controlled and automatic retrieval processes. This task was relatively brief (10 min; 30 test trials) compared to similar tasks previously employed to estimate the same processes (i.e., over 40 min, 60-90 test trials in Jacoby et al., 2005a) . From this task, we derived group-and individual-level process estimates that were sensitive to age and AD. Specifically, we tested the utility of modeling two distinct controlled retrieval processes (i.e., capture and recollection), compared to the traditional dual-process framework.
Utility of modeling a capture process
Dual-process retrieval models are typically effective in fitting a variety of memory paradigms, specifically tasks in which retrieval processes are often put in opposition by manipulating the presentation frequency of distractor and/or target items (e.g., Jacoby, 1999b) . Indeed, simple dual-process (RA) MPT models can fit data from such tasks quite well. However, consistent with Jacoby et al. (2005a) , MPT analyses indicate that a more complex capture model is required to accommodate data from the misleading-prime task. Dual-process PDP estimates of recollection from this task might sometimes be contaminated by an unmodeled capture process. The misleading-prime task renders an interfering prepotent response at the time of retrieval, akin to the interference produced by incongruent trials in the Stroop (1935) color-naming task. It is noteworthy that the simpler dual-process recollection estimate from this task is still a reliable and sensitive cognitive marker of aging, very mild, and preclinical AD (Millar et al., 2017) . However, the present modeling work clearly indicates that it is also important to model a distinct controlled capture process.
The capture model distinguishes between two distinct modes of cognitive control during retrieval. The capture process might reflect a type of specification mode, in which retrieval processes are constrained at the front end to focus on an appropriate description of the retrieval target and to define the conditions for verifying correct retrieval (D. A. Norman & Bobrow, 1979) . As noted in the introduction, such a distinction has previously proven useful in interpreting memory deficits in neuropsychological patients, particularly those that exhibit confabulation (Burgess & Shallice, 1996) .
One unique benefit of MPT modeling is its ability to test conditionally-dependent relationships among distinct processes, such as how attempts at recollection might be conditional upon capture in the current model. Recently, researchers in other cognitive domains have demonstrated that MPT models might be useful in revealing other similar distinctions between conditional process models. For instance, Cooper, Greve, and Henson (2017) recently applied MPT models to item and source memory judgments in healthy younger and older adults, as well as individuals with hippocampal lesions and age-related memory problems. Critically, they found that not only were MPT parameters more consistent than analyses of raw data in these groups, but also that the interpretation of group differences differed in a model that treated source memory as dependent on item memory, as opposed to a model with the reverse conditional dependency. A similar MPT modeling approach has been used to reveal distinctions between conditional processes in illusory truth task data (Fazio, Brashier, Payne, & Marsh, 2015) . MPT modeling in this task favored a model in which a memory search process is conditional upon the reliance on fluency in assessing the truth of a statement. The authors argued from this conditionally-nested relationship that in some cases, individuals may not attempt to retrieve prior knowledge to verify a statement if that statement is sufficiently fluent (e.g., through repetition priming). From a modeling perspective, this situation resembles capture-driven errors in the current model in that these errors override an attempt at controlled recollection. These reports are similar to the present study in that they examined the conditional dependencies of putative cognitive processes in a way that cannot be assessed from raw task performance data alone.
Although the current MPT models are informative as to conditional dependencies among putative processes, we cannot speak directly to the time course of capture, recollection, or automatic processes. Coane, Balota, Dolan, and Jacoby (2011) previously used rhythmic cueing and response deadlining procedures to examine the time course of controlled and automatic processes in a memory exclusion task. Importantly, they found that, under fast deadlines, participants made more exclusion errors to low-frequency, as compared to high-frequency, words. This pattern could not be explained by the absolute, or baseline, familiarity of the words, under which activation reflects overall lifetime exposures (i.e., frequency). Hence, these low-frequency exclusion errors were interpreted as evidence for a distinct, fastacting relative familiarity process, which tracks the increase in mnemonic activation through repeated study exposures. This finding parallels the current report in that it expands the traditional dual-process model of recognition to a third process. However, Coane et al. (2011) argued that their results distinguished between two fast-acting automatic influences, whereas our current distinction is between two conditionally-dependent modes of attentional control. Future work combining MPT and deadlining would be useful to more fully understand the nature of these processes.
Retrieval processes in aging and AD
As predicted, aging and very mild AD were both associated with deficits in recollection. These results agree with the highly consistent evidence for recollection deficits in these populations (for meta-analysis, see Koen & Yonelinas, 2014 , but see also Footnote 3 3 ). More specifically, these results are consistent with the age-and AD-related deficits observed in dual-process PDP estimates of recollection derived from an overlapping dataset (Millar et al., 2017) . However, the present demonstrations are unique in that the recollection deficits were observed in models that simultaneously account for capture. Hence, the recollection deficit in these populations might be distinct from group differences in capture processes.
As predicted by our more novel hypotheses, aging and AD were both associated with increases in capture. These results are in accord with previous demonstrations of increasing capture by misleading information in aging, as assessed by MPT modeling (Jacoby et al., 2005a) . Analyses of false recall rates on the same misleading-prime task in traumatic brain injury are consistent with a similar capture differences in that population, as well (Dockree et al., 2006) . Another approach to studying retrieval selection processes has involved testing memory for recognition foils (Jacoby, Shimizu, Daniels, & Rhodes, 2005b) . This paradigm assumes that selection operates to constrain processing of potential retrieval targets in a manner consistent with the encoding context. In support of this interpretation, younger adults' memory for recognition foils is better for tests of deeply-processed blocks than for shallowprocessed blocks, suggesting that at retrieval they successfully constrain processing to match the depth of encoding. Older adults, however, do not differ in memory for foils on deep or shallow blocks, suggesting less successful constraint in retrieval processing.
Previous demonstrations of age-related capture differences (Jacoby et al., 2005a) used extreme-groups designs, comparing younger (M~20 years) and older adults (M~75 years). The present results extend those findings to suggest that capture is sensitive to more subtle age comparisons, i.e., middle-aged (M = 61.1 years, range = 45-69) vs. older adults (M = 76.4 years, range = 70-95). These capture differences also agree with the proposals that both aging (Hasher & Zacks, 1988; Hasher et al., 1999; West, 1996) and AD (Balota & Duchek, 2015; Faust & Balota, 2007) are associated with breakdowns in attentional control processes. Failures of control might contribute to memory impairment in these populations through increased intrusions of interfering information or failures to maintain task goals, resulting in false retrieval. These memory errors might be conceptually similar to confabulation observed in neurological patients. It has been proposed that, similar to intrusion errors in the misleading-prime task, confabulation might arise due to a deficit in a phase of retrieval specification (Burgess & Shallice, 1996; D. A. Norman & Bobrow, 1979) , which is similar to the role of capture in the present model.
In contrast to the controlled processes, we found no age-or AD-related differences in automatic influences, i.e., accessibility bias and word generation. We estimate that the present samples provided adequate statistical power to detect even relatively small effects (d = 0.30) in aging (1 -β = .93) and AD comparisons (1 -β = .76), but no such effects were observed. These findings are in accord with observations that age-and early-stage AD-related differences in automatic familiarity processes tend to be smaller and less consistent than differences in controlled recollection (Koen & Yonelinas, 2014) .
Together, the present findings that aging and AD were both associated with (1) declines in recollection, (2) increases in capture, and (3) no changes in accessibility bias or word generation are consistent with the proposal that attentionally-controlled processes of episodic retrieval are uniquely disrupted in these populations.
Limitations
The capture model assumes that capture and recollection are independent retrieval processes. However, across comparisons of aging and AD, group-level increases in capture were paired with decreases in recollection. Hence, in the present study, we do not have strong evidence for the independence of these processes. In order to meet this assumption, we must rely on previous demonstrations of dissociation between these two processes, in which age differences in capture were observed even when recollection was matched between groups (Jacoby et al., 2005a) . Future studies should test whether capture and recollection are independent by exploring whether these processes might be dissociable by other group comparisons or experimental manipulations, e.g., manipulations of encoding duration, retrieval response deadlines (as discussed above), or task instructions.
Additionally, we argue that capture reflects an attentionally-controlled influence on memory, but we cannot presently rule out other possibilities. For example, it is possible that the older adults and early-stage AD individuals may be less motivated to engage in demanding recollection (cf. Hess, Germain, Swaim, & Osowski, 2009 ) and hence more likely to be captured. We believe this outcome would still reflect changes in the extent to which the control system is fully engaged in accomplishing the goals of the task. Future studies should attempt to disentangle attentional and motivational accounts of capture, perhaps by manipulating motivation to engage recollection or by testing individualdifference relationships with other attentional or motivational measures.
There are also practical limitations associated with MPT modeling. Some researchers have argued that continuous models based on signal detection theory (SDT) are preferable to discrete MPT models of recognition task performance because MPT models predict invalid, linear ROC curves (Pazzaglia, Dube, & Rotello, 2013) . However, another approach to assessing model fit uses a minimum description length framework, developed to account for differences in functional flexibility between models. In this framework, MPT models outperform SDT models, particularly for individual-level data, as used in the current study (Kellen, Klauer, & Bröder, 2013) . Thus, despite their limitations in ROC fits, MPT models of recognition might be useful to the extent that they effectively compress data into theoretically informative parameters that cannot be observed in the raw data alone. However, the relevance of these arguments to the current dataset might be limited, as they are predominantly based on modeling of typical forcedchoice recognition tasks, whereas the current task involves cued fragment completion. As discussed above, several recent applications of MPT have been useful in formalizing cognitive models for a variety of tasks (Cooper et al., 2017; Fazio et al., 2015) .
Moreover, the group-level MPT approach also assumes homogeneity in items and individuals (Rouder, Lu, Morey, Sun, & Speckman, 2008) . Model accuracy can be improved by avoiding aggregation of data at the level of items and/or individuals. Hierarchical MPT models have been developed to address this concern (e.g., Klauer, 2010) , but this approach requires the further assumption that probit-transformed MPT estimates follow a multivariate normal distribution across individualsan assumption that is likely violated in the present data (see Footnote 2). Instead, we attempted to overcome the assumption of homogeneity by estimating MPT parameters in individual participants. One further limitation of this individual-level MPT approach is that the sparse number of trials in our task might yield unreliable parameter estimates. We attempted to minimize this limitation by testing group-level differences in these individual-level estimates, rather than individual differences. Across both group-and individual-level models, our results were remarkably consistent, suggesting that the age-and AD-related differences are clear and robust.
Conclusion
In summary, the present results provide evidence of two distinct controlled processes involved in retrieval, hence extending standard dual-process models, which assume a single controlled process: recollection. Both capture and recollection displayed unique sensitivities to both healthy aging and early-stage AD. Similar tasks that assess controlled retrieval processes, like capture and recollection, might be particularly effective indicators of cognitive decline in aging and AD. Importantly, although dualprocess models that emphasize a distinction between controlled and automatic processes have been critical in understanding memory retrieval (for review, see Yonelinas & Jacoby, 2012) , the present study provides converging evidence for the importance of distinguishing multiple levels of control during retrieval. 
